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Abstract
The ability to accurately perceive the speed of moving objects is one of many visual functions that decline with age. One factor
that may contribute to this is a deterioration in temporal processing speed. At present, there is a dearth of information concerning
how this may occur in the central nervous system, particularly in the visual cortex. Thus, in the present study, we investigated the
neural basis of speed and temporal processing in areas 17 and 18 of visual cortex in young and aged rats using either a moving bar of
light or a series of ﬂashing lights. Our results showed that the mean preferred speed of a moving bar of light was signiﬁcantly
reduced in aged as compared to young animals. We also found that cells recorded from young animals were able to entrain to a
higher frequency of ﬂashing light stimuli than those recorded from aged animals. In addition, we found no age-related diﬀerences
between cortical ﬁelds. These results suggest an age-related diﬀerence in temporal processing speed at the level of visual cor-
tex.  2002 Published by Elsevier Science Ltd.
Keywords: Aging; Visual cortex; Speed tuning; Critical ﬂicker frequency; Rat
1. Introduction
One visual behaviour that appears to decline with age
is the ability to accurately perceive the speed of moving
objects. It has been suggested that this decline may
contribute to a higher incidence of vehicular accidents
among the elderly (Kline et al., 1992). Underlying this
functional decline in the visual system may be the re-
duced ability to detect temporally modulated stimuli
which likely play an important role in the perception of
moving targets (Sekuler & Sekuler, 1992). For example,
drivers use temporal processing to accurately perceive
changes in the speed of their own car as well as those of
surrounding vehicles. Thus, a decreased ability to pro-
cess temporally contiguous visual stimuli could com-
promise the perception of moving targets.
One factor that may contribute to this sensory
problem is a deterioration in temporal processing speed.
Researchers have proposed that as we age, temporal
processing speed throughout the central nervous system
(CNS) slows down (Birren, Woods, & Williams, 1979;
Salthouse, 1985; Wingﬁeld, Poon, Lombardi, & Lowe,
1985). This suggests that for the visual system some
degree of deterioration may be reﬂected in a decreased
ability to accurately judge the speed of moving objects.
In many instances these diﬃculties in visual perception
occur in the absence of any apparent age-related peri-
pheral changes suggesting that the locus may reside in
the CNS (Kline, Scialfa, Lyman, & Schieber, 1990;
Spear, Moore, Kim, Xue, & Tumosa, 1994). Unfortu-
nately, little is currently known about the neural
mechanisms underlying age-associated changes in the
perception of speed.
One method of investigating the visual system’s
ability to process speed information is to examine the
response of cells to moving stimuli presented at diﬀerent
speeds. Spear et al. (1994) found a signiﬁcant age-related
diﬀerence in optimal temporal frequency (high temporal
frequencies are a feature that is inherent to rapidly
moving stimuli) in the lateral geniculate nucleus (LGN)
of rhesus monkeys. However, the diﬀerence was so small
that the authors suggested that their result was probably
a reﬂection of random biological variation.
Another technique that can provide an index of the
eﬃcacy of the visual system’s temporal processing abil-
ity is the critical ﬂicker frequency (CFF) paradigm in
which a light stimulus is varied in frequency of ﬂashes
per second until a constant light source is perceived.
Vision Research 42 (2002) 695–703
www.elsevier.com/locate/visres
* Corresponding author. Tel.: +1-416-978-1574; fax: +1-416-978-
596.
E-mail address: j.mendelson@utoronto.ca (J.R. Mendelson).
0042-6989/02/$ - see front matter  2002 Published by Elsevier Science Ltd.
PII: S0042-6989 (01 )00307-8
Studies with human subjects have shown a negative
correlation between age and the number of ﬂashes per
second at which fusion occurs (Kline, 1987; Lachenmyer
et al., 1994). In other words, younger subjects have a
higher CFF threshold (i.e., they are able to perceive a
higher frequency of individual light ﬂashes) than older
subjects.
In the present study we investigated the neural basis
of speed and temporal processing in the primary (area
17) and secondary (area 18) visual cortex of young and
old male Long Evans hooded rats using either a moving
bar of light or a ﬂashing light stimulus. We hypothesized
that cells recorded from younger animals would prefer
rapidly moving bars of light and would have higher CFF
thresholds while those recorded from older animals
would respond best to slower moving bars and would
have lower CFF thresholds.
2. Methods
Twenty-seven male Long Evans hooded rats 3–4
months old (300–400 g) and 26 rats 23–30 months old
(500–700 g) were used in the two experiments. The
average lifespan of this strain of rat in our facility is
23–26 months. Animals’ eyes were checked regularly
with an ophthalmoscope to ensure that they were free of
cataracts. Only those animals with clear optics were used
in the study. At the age of 6 months, all rats were placed
on a restricted diet in order to ensure maintenance of
their current weight and avoid excessive weight gain,
which can lead to premature death.
The surgical procedures employed in this study,
which have been approved by the Canadian Council for
Animal Care (CCAC) and comply with the stipulations
regarding the care and use of experimental animals set
out by the American Physiological Association, have
been described elsewhere (Wells, Bernstein, Scott,
Bennett, & Mendelson, 2001) and will be summarized
here. Rats were anaesthetized with Equithesan (3 mg/kg
i.p.); an aqueous solution containing chloral hydrate,
magnesium sulfate and pentobarbital sodium. This was
followed by a 0.1 cc subcutaneous injection of atropine
sulfate (0.5 mg/ml). Glycerine-based eye drops (Isop-
totears) were administered periodically to prevent the
cornea from drying out. Rats were then placed in a
modiﬁed stereotaxic and a craniotomy was performed
over the visual cortex. Dura mater was left intact and
was bathed with silicone oil in order to prevent it from
drying out and to reduce any pulsations. All wound
margins and pressure points were inﬁltrated with a long-
lived local anesthetic (bupivicaine hydrochloride 2.5%).
The right eye was kept open with sutures (one to the
upper and one to the lower eyelid). As is typically done
in experiments in the rat visual system no corrective
lenses were used and the eye was allowed to remain
undilated in order to record the natural response of the
visual system. To facilitate whole ﬁeld stimulation in an
animal with laterally positioned eyes, the long axis of the
body was placed at a 110 angle to the stimulus. An
areﬂexive level of anaesthesia was maintained by con-
tinuous intraperitoneal infusion of Equithesan 0.5 mg/
kg/h in lactated Ringer’s solution. Body temperature
was maintained at 37.5 C.
Insulated tungsten microelectrodes (impedance: 0.7–
1.5 MX) were used to record extracellular single-unit
responses. Neuronal activity was ampliﬁed, band-passed
ﬁltered (BAK A-1B Electronics ampliﬁer), and moni-
tored on an oscilloscope (Tektronix) and audiomonitor
(Grass). Spike activity was separated from background
noise with a level discriminator (BAK DS1 window
discriminator). Stimulus and neuronal spike event times
were collected and stored on-line by computer (Macin-
tosh Quadra 950).
In the ﬁrst experiment, bars of light that could be
varied in size, direction, orientation and speed were
generated using the A/Dvance software package. Stimuli
were projected onto a dark screen placed at a distance of
30 cm from the animal’s contralateral eye which maxi-
mizes the rat’s optical viewing ability (Parnavelas,
Burne, & Lin, 1983; Wiesenfeld & Kornel, 1975). All
recordings were made in a darkened room. Initially, a
qualitative analysis of the receptive ﬁeld properties of
each cell was undertaken. The cells were identiﬁed as
either simple, complex, or hypercomplex based on cri-
teria previously established by Hubel and Wiesel (1962,
1968) and adapted for the rat by Parnavelas et al. (1983).
The preferred speed of each cell was assessed by moving
a bar of light across the entire visual ﬁeld in the deter-
mined preferred direction. Unit responses were recorded
for 3 s. Data were collected across eight successive
presentations of each speed with a 3 s intertrial interval.
Speed was increased in 10 deg/s increments from 10 to
100 deg/s. Preferred speed was deﬁned as the speed to
which the cell was most responsive. If the unit responded
equally well to more than one condition, then the av-
erage of the speed conditions was determined. Following
this, the receptive ﬁeld was replotted to assure that there
was no drift arising from potential eye movements. If a
shift in the receptive ﬁeld did occur, then the data were
discarded and a new set of data collected where both the
pre- and post-receptive ﬁeld plots were the same.
In the second experiment, whole-ﬁeld CFF stimula-
tion was provided by light pulses (10 ls) delivered by a
Grass PS33 PLUS stimulator lamp. The lamp was lo-
cated outside a window of an electrically shielded, sound
attenuating chamber (IAC) and positioned 40 cm from
the animal’s eye. The intensity of the ﬂash corresponded
to a luminance value of 17 cd/m2.
CFF threshold was assessed by pseudo-random pre-
sentation of ﬂicker frequencies between 1 and 60 Hz in a
1 s trial. Data were collected during 20 presentations of
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each frequency with an interstimulus interval of 2–4 s,
depending on the response rate of the cell. CFF
threshold was determined by performing fast Fourier
transforms (FFT) on each histogram and computing the
power at the fundamental frequency for each stimulus.
For comparative purposes, and to account for any
changes in CFF threshold with the increase in luminance
associated with higher ﬂicker rates, the normalized
power (power at the fundamental frequency divided by
the total power) was computed. CFF is reported as the
linear regression of the power at the stimulus funda-
mental frequency.
Finally, onset latency responses were determined.
Onset latency response is deﬁned as the ﬁrst response
that was twice the mean spontaneous rate and which
occurred immediately after the onset of a whole-ﬁeld
single light (i.e., a 1 Hz CFF stimulus) pulse (Mendel-
son, Schreiner, & Sutter, 1997).
In most cases reference lesions (6 lA for 6 s) were
made at each recording site for histological veriﬁcation.
After completion of the recording session, subjects were
deeply anaesthetized with an intraperitoneal injection of
somnitol and perfused transcardially with 0.1 M phos-
phate buﬀered 0.9% saline (200 ml) followed by 3.9%
paraformaldehyde in 0.1 M phosphate buﬀer (500 ml).
The brain was immediately removed from the skull and
stored in paraformaldehyde. Before freezing, the brains
were left overnight and shaken in 25% sucrose for
cryoprotection. Coronal sections of the visual cortex
were cut 40 lm thick by a freezing microtome and
mounted on gelatin-coated slides. The slides were left to
dry overnight before being stained with cresyl violet and
coverslipped with Permount. The sections were viewed
under a light microscope and the site of electrode tracts
and the location of lesioned cells identiﬁed with refer-
ence to the atlases of Paxinos and Watson (1986) and
Zilles (1985).
3. Results
We recorded from a total of 254 units (young: 134;
aged: 120). Our results showed an age-related diﬀerence
in both preferred speed and CFF threshold responses.
While age-related eﬀects were found within areas 17 and
18, there was no signiﬁcant diﬀerence found between the
two cortical ﬁelds. In addition, we found no signiﬁcant
diﬀerence in the average onset latency response or in
spontaneous activity between the two groups of animals.
3.1. Speed tuning
In the ﬁrst experiment, we recorded 66 units from
young animals and 75 from old animals. The laminar
distribution of cells recorded from both age groups was
virtually the same. Fig. 1A shows an example of a
complex cell recorded in area 18 from a young animal.
This unit responded most vigorously when the bar of
light was moved at a speed of 80 deg/s. It did not re-
spond as well to faster and especially slower speed
conditions. The complex cell shown in Fig. 1B was
recorded in area 17 from an aged animal. This unit
responded most vigorously to speeds between 30 and 50
deg/s. As speed was increased, particularly above 50 deg/
s, the strength of response of the unit decreased. In
general, most units in both age groups responded in a
transient (i.e., non-sustained) manner to the visual
stimuli.
The mean preferred speed for young animals was
68:26 22:78 deg/s which was signiﬁcantly higher
(t ¼ 4:953, p < 0:001) than that recorded from aged
Fig. 1. Responses of visual cortical neurons to moving bars of light:
(A) an example of a complex cell recorded from a young animal that
responded best to a bar moving at a speed of 80 deg/s, (B) the response
of a complex unit recorded from an aged animal. This cell responded
most vigorously to speeds of 30 and 40 deg/s.
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animals (mean ¼ 46:06 22:78 deg/s). While a one-
tailed Kolmogorof–Smirnof test revealed a signiﬁcant
diﬀerence (D ¼ 0:346; v2 ¼ 16:81; p < 0:001) between
the preferred speed distributions of the two age groups,
we did ﬁnd cells in both groups with mean preferred
speeds of 10 deg/s and cells with 100 deg/s. However,
there were relatively few cells that preferred 10 deg/s in
the young group and relatively few cells in the aged
group that responded most vigorously to 100 deg/s (Fig.
2A).
Speed response proﬁles were also ascertained. Cells
could be classiﬁed into 1 of 4 types of speed response
proﬁles (Orban, Kennedy, & Maes, 1981). As can be
seen in Table 1, the majority of units from both age
groups (Y¼ 53%; O¼ 60%) were classiﬁed as band-
passed whereby units responded best to one speed with
decreased response to speeds on either side of this pre-
ferred speed. The next largest percentage of units
exhibited a broad-band response proﬁle where cells
appeared to respond almost equally well to a wide range
of speed conditions (Y ¼ 33%; O ¼ 23%). Low-pass
cells were deﬁned as cells that responded equally well to
slow (<30 deg/s) but not fast speeds. In our study only
11% of units recorded from aged animals responded in
this manner. No units recorded from young animals
exhibited this type of response proﬁle. The speed tuning
response proﬁle of 14% of cells recorded from young
animals and 6% recorded from aged ones were classiﬁed
as high-pass. These units responded equally to fast but
not slow speeds.
When we examined the mean preferred speed as a
function of cortical area we found the same signiﬁcant
age eﬀects within each area (area 17: t ¼ 4:49, p < 0:001,
area 18: t ¼ 2:1, p < 0:05). However, there was no sig-
niﬁcant diﬀerence in mean preferred speed between the
two cortical ﬁelds for either age group (Fig. 2B).
Receptive ﬁeld properties were assessed for all cells in
this experiment. Fig. 2C shows the mean preferred speed
recorded for simple, complex and hypercomplex cells in
young and old animals. There was no signiﬁcant diﬀer-
ence in the relative distribution of receptive ﬁeld types
between young and aged animals (Table 2). However,
for young animals, there was a signiﬁcant diﬀerence in
the mean preferred speed recorded between simple
(37:5 17:08), complex (69:65 21:76) and hypercom-
plex (80 17:31) cells (F ð2; 62Þ ¼ 3:91, p ¼ 0:025). In
contrast, there were no signiﬁcant diﬀerences in the
mean preferred speed between simple (46:0 15:16),
complex (46:14 15) or hypercomplex (40:0 0) cells
for aged animals.
3.2. Critical ﬂicker frequency threshold
In the second experiment, we recorded 68 units from
young animals and 45 units from aged animals. As in the
ﬁrst experiment, the laminar distribution of cells re-
corded in both age groups was very similar. Fig. 3A il-
lustrates an example of one type of response recorded
Fig. 2. The distribution of preferred speed as a function of age and
cortical area: (A) the distribution of preferred speed responses for both
young (solid) and aged (stippled) animals. Cells recorded from young
animals responded more vigorously to faster speeds while the opposite
was true for cells recorded from aged animals, (B) the distribution of
mean preferred speed as a function of age (young: solid; aged: stippled)
and cortical area. The age-related diﬀerence was apparent in both
cortical areas, (C) mean preferred speed as a function of receptive ﬁeld
type and age. There was a signiﬁcant diﬀerence in the mean preferred
speed between the receptive ﬁeld types for young animals (solid bars)
but not for aged animals (stippled bars).
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from a complex unit in area 17 of a young animal. The
linear regression of the FFT (Fig. 3B) showed the CFF
threshold to be 32 Hz. For the CFF conditions to which
this cell could respond, it appeared to respond to both
the onset and oﬀset of each light ﬂash. At higher fre-
quencies the unit could no longer respond synchro-
nously to the ﬂicker stimulus and instead appeared to
respond only to the onset of the stimulus and then
randomly throughout the rest of the stimulus presenta-
tion.
The unit shown in Fig. 4A was recorded from area 17
in an aged animal. This simple cell had a CFF threshold
of 8 Hz as it was able to entrain to each ﬂash of light up
to, and including, 7 Hz. At 9 Hz and above, it responded
only to the onset of the ﬁrst ﬂash in the trial. CFF was
conﬁrmed by the FFT to be 8 Hz (Fig. 4B).
The mean CFF threshold for young animals
(21:54 6:0 Hz) was signiﬁcantly higher than that for
aged animals (11:89 2:7 Hz, t ¼ 10:103, p < 0:001)
(Fig. 5A). A one-tailed Kolmogorof–Smirnof test (D ¼
0:81, v2 ¼ 71:06, p < 0:001) revealed a signiﬁcant dif-
ference between the distributions of CFF thresholds for
the two age groups. For young animals CFF thresholds
ranged from 10 to 35 Hz while for aged animals, they
ranged from 6 to 15 Hz.
When CFF thresholds were examined as a function of
cortical area there was no signiﬁcant diﬀerence between
the two areas (Fig. 5B). However, we did observe a
signiﬁcant age eﬀect within each cortical area (area 17:
t ¼ 6:29, p < 0:001; area 18: t ¼ 5:93, p < 0:001).
Receptive ﬁeld properties were determined for 26 of
the neurons recorded from young animals and for 20
units recorded from the aged animals. There was no
signiﬁcant diﬀerence in the relative distribution of sim-
ple, complex and hypercomplex cells between young and
aged animals (Table 2). However, a signiﬁcant diﬀerence
in mean CFF threshold between the three cell types for
young animals (F ¼ 10:444, p < 0:001) was observed. In
contrast, there was no signiﬁcant diﬀerence in mean
CFF threshold between the three types of cells for aged
animals. As can be seen in Fig. 5C, CFF thresholds
Table 1
Distribution of speed tuning response proﬁles
Age Speed tuned Broadband Low pass High pass
Young 53% (35/66) 33% (22/66) 0 14% (9/66)
Aged 60% (45/75) 23% (17/75) 11% (8/75) 6% (5/75)
Table 2
The distribution of receptive ﬁeld type for young and aged animals
Age Simple Complex Hypercomplex Unclassiﬁed
Experiment 1 (speed tuning)
Young 6% (4/66) 89% (59/66) 4% (2/66) 1% (1/66)
Aged 8% (10/75) 89% (62/75) 1% (1/75) 2% (2/75)
Experiment 2 (CFF)
Young 15% (4/26) 77% (20/26) 8% (2/26) 0
Aged 20% (4/20) 65% (13/20) 15% (3/20) 0
Fig. 3. Response of a visual cortical neuron recorded from a young
animal to CFF stimuli: (A) an example of a complex cell recorded in
area 17 whose CFF threshold was 32 Hz, (B) the linear regression of
the FFT of the unit shown in (A).
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recorded from simple, complex and hypercomplex cells
in aged subjects were all lower than those obtained in
young subjects, with simple cells displaying the lowest
CFF threshold values for both age groups.
4. Discussion
The results of the present study provide, to our
knowledge, the ﬁrst demonstration of an age-related
diﬀerence for speed and temporal processing in visual
cortex. In aged animals, the decrease in the number of
cells in aged animals encoding rapidly moving bars of
light or high ﬂicker frequencies may reﬂect an age-
associated reduction in high frequency temporal resolu-
tion (Kline & Schieber, 1982).
To date, relatively few studies have looked speciﬁcally
at the neural eﬀects of aging on speed processing, par-
ticularly in the visual system. Kline and Schieber (1982)
have suggested that aging selectively aﬀects the magno-
cellular pathway which mediates visibility of low spatial
and high temporal frequency. Spear et al. (1994) tested
this hypothesis by using sinewave gratings to examine
the optimal temporal frequency in the LGN of young
and old rhesus monkeys. While optimal temporal fre-
quency is not the same as preferred speed, they both
involve some form of temporal processing. In addition,
high temporal frequencies are a feature that is inherent
Fig. 4. Response of a visual cortical neuron recorded from an aged
animal to CFF stimuli: (A) an example of a simple cell recorded from
area 17, (B) the linear regression of the FFT showed the CFF threshold
of this unit to be 8 Hz.
Fig. 5. The distribution of CFF threshold as a function of age and
cortical area: (A) cells recorded from young animals (solid bars) had a
relatively wide range of frequencies while those recorded from aged
animals (stippled bars) had CFF thresholds that were restricted to
lower frequencies, (B) the distribution of CFF threshold as a function
of age (young: solid; old: stippled) and cortical area. The age-related
diﬀerence was apparent in both cortical areas, (C) CFF threshold as a
function of receptive ﬁeld type and age. There was a signiﬁcant dif-
ference in the CFF threshold between the receptive ﬁeld types for
young animals (solid bars) but not for aged animals (stippled bars).
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to fast-moving stimuli. Spear et al. (1994) found a sig-
niﬁcant diﬀerence of 1 Hz between the two groups of
animals in optimal temporal frequency for the parvo-
cellular but not the magnocellular division of the LGN.
This small diﬀerence led the authors to conclude that the
diﬀerence was most likely due to random variation ra-
ther than reliable age-related diﬀerences in the LGN. In
addition, Spear et al. (1994) found no signiﬁcant age-
related diﬀerences in two other temporal measures,
namely high-temporal frequency cut-oﬀ and temporal-
frequency bandwidth. Their results suggest that age-
related diﬀerences in speed or temporal processing
probably occur in the visual cortex. Additional support
for aging eﬀects in the visual cortex have recently been
observed by Schmolesky, Wang, Pu, and Leventhal
(2000). They found a degradation in orientation and
direction selective responses in neurons in primary vi-
sual cortex of the senesecent rhesus monkey (Schmole-
sky et al., 2000).
Spear (1993) has suggested that aging can have two
eﬀects on temporal processing: a decrease in sensitivity
to a wide range of temporal frequencies, and a reduction
in temporal response dynamics to high temporal fre-
quencies. We found no diﬀerence in the range of speeds
(in response to a moving bar of light) to which cells in
both age groups responded. However, given that Gir-
man, Sauve, and Lund (1999) have shown that cells in
area 17 of rat visual cortex respond well to speeds of up
to 250 deg/s and higher, it is possible that had we tested
cells at faster speeds, we may have observed a decrease
in sensitivity for the fastest speed conditions in the aged
group. Nonetheless, we did observe a reduction in the
range of sensitivity of cells in the aged group to CFF
stimuli. With regard to Spear’s (1993) second aging ef-
fect our results showed a reduction in both preferred
speed and CFF threshold in aged animals.
4.1. Eﬀects of aging on cortical ﬁelds
Our results suggest that age-related changes in areas
17 and 18 may be aﬀected in similar ways. First, we
found no age-related diﬀerence in preferred speed se-
lectivity or CFF threshold between areas 17 and 18 in
the rat. Our results obtained from young animals stand
in contrast to what has been observed in other species.
Researchers have shown in cat and monkey that at least
for speed selectivity, cells in area 17 typically prefer
slower speeds than those in area 18 (Orban et al., 1981).
These results suggest that temporal processing speed
may be encoded diﬀerently in rodents compared to other
species. This species-speciﬁc diﬀerence could be a partial
reﬂection of a poorly developed X cell system in the rat
visual system (Stone, 1983).
The next piece of evidence suggesting that areas 17
and 18 in rat may age in similar ways is the lack of a
signiﬁcant diﬀerence in the range of speeds to which cells
in both age groups were responsive. However, we did
observe a slightly (though not signiﬁcantly) wider range
of CFF thresholds in area 18 as compared to area 17 for
both age groups.
4.2. Eﬀects of aging on receptive ﬁeld type
No signiﬁcant diﬀerence in the relative distribution of
simple, complex and hypercomplex cells was observed
between young and old animals in either experiment.
For preferred speed in young animals simple cells pre-
ferred slow speeds while complex and hypercom-
plex cells preferred faster speeds. Simple cells recorded
from young animals were also found to have lower CFF
thresholds than complex or hypercomplex cells. This is
consistent with what has been reported by others in the
rat (Parnavelas, Burne, & Lin, 1981). In aged animals
the diﬀerence between the three types of cells for both
preferred speed and CFF threshold disappeared. This
suggests that aging eﬀects may be strongest for complex
and hypercomplex cells.
4.3. Neural mechanisms
Although the present study is unable to rule out the
involvement of peripheral or subcortical structures in
the aging process, it is unlikely that age-related changes
in the optics of the eye alone could account for the
present results. Only those animals in excellent optical
health were used. Further, Ball and Sekuler (1986)
showed that even when visual acuity is degraded in
young observers, their performance on a perceptual di-
rection of motion task is unimpaired.
At present, it is unclear what neural mechanisms
might be involved in the age-related changes observed in
the present study. No signiﬁcant loss of neurons has
been found in the dLGN of monkeys (Ahmad & Spear,
1993) or rat (Satorre, Cano, & Reinoso-Suarez, 1985).
Further, Kim, Tom, and Spear (1996) report no sig-
niﬁcant age-related decrease in retinal ganglion cell
density, number or size in the rhesus monkey. The re-
tino-geniculate pathway, therefore, appears to be rela-
tively unaﬀected by aging. This supports the hypothesis
that age-related changes in speed and temporal pro-
cessing may occur higher up the visual pathway in pri-
mary or association visual cortex.
A study on the striate cortex of the rhesus monkey by
Peters, Nigro, and McNally (1997) showed no indication
that thickness, volume, nor number of neurons in striate
cortex is altered by age. Any deﬁcits in visual func-
tioning due to cortical processing cannot, therefore, be
accounted for by a decrease in neuron number and in-
stead, may be attributed to changes in dendritic tree
structure and/or spine density (Spear, 1993). In rats,
mice and humans, compensatory dendritic proliferation
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is observed in old animals, which is then followed by
regression in very old animals (Connor, Diamond,
Connor, & Johnson, 1981; Selkoe, 1993; Jucker & In-
gram, 1997). Further, the density of synapses in primary
visual cortex has been shown to decrease in 20-year-old
rhesus monkeys (Rakic, 1991) and 21-month-old Long
Evans rats (Connor et al., 1981). Rakic (1991) has ob-
served that the decrease in synaptic density is related to
a decreased capacity to perform various visual tasks.
Another age-related change that could contribute to
what we observed in the present study is the loss of
white matter. Volumetric studies of magnetic resonance
imaging scans in monkey have revealed a signiﬁcant age-
related loss of white, but not gray, matter in elderly
(20–35 years) rhesus monkeys (Peters et al., 1997). In
humans aged 46–92 years Double et al. (1996) conﬁrmed
that the small decline in cerebral volume was restricted
to the white matter. Since gray matter is preserved, loss
of white matter cannot be attributed to loss of axons.
Instead, it suggests that noneuronal cells, in particular
the myelinating oligondendroglia, may be vulnerable to
age-related changes.
Peters, Moss, and Sethares (2000) recently found al-
terations in the myelin sheaths of axons in the nerve ﬁ-
bres passing through the deeper layers of primary visual
cortex of young and old monkeys. This change in myelin
could account for the age-related reduction in conduc-
tion velocities reported in both rat and human (Celesia
& Daly, 1987; Contestabile et al., 1995). A decline in
conduction velocity could result in a slowing in trans-
mission rate and processing speed of sensory informa-
tion and could therefore be involved in a change in
speed preference from faster to slower in the aged ani-
mals (Pakkenberg & Gundersen, 1997; Salthouse, 1990).
However, if conduction velocity was aﬀected by age,
then one might expect to see a coincident change in
onset latency responses. Given that we and other studies
in both the visual and the auditory systems, have shown
no age-related onset latency eﬀects, other mechanisms
must be involved (Mendelson & Ricketts, 2001; Palombi
& Caspary, 1996; Spear et al., 1994).
Additional evidence for age-related diﬀerences in
processing speed has been reported in the auditory
cortex. Mendelson and Ricketts (2001) found that
cells recorded from the auditory cortex of aged rats
responded most vigorously to frequency-modulated
sweeps changing at slow speeds while cells recorded
from young animals responded best to rapidly modu-
lating sweeps.
5. Conclusions
In conclusion, our results provide the ﬁrst evidence of
a neural locus for age-related speed selective and tem-
poral changes in the visual cortex. While the present
study was performed on rodents, caution must be taken
when attempting to extrapolate to an age-related decline
in human perceptual capabilities until analogous ex-
periments are conducted in both species. However, de-
spite this, it is possible that this, or some closely allied
alteration in cortical processing with age, may underlie
some of the diﬃculties experienced by many older in-
dividuals in discriminating moving objects.
Acknowledgements
This research was supported by a grant from NSERC
to JRM. The authors wish to thank Dr. Patrick Bennett
for his help in some of the data analyses and Ralph
English for his assistance with these experiments.
References
Ahmad, A., & Spear, P. D. (1993). Eﬀects of aging on the size density
and number of rhesus monkey lateral geniculate neurons. Journal
of Comparative Neurology, 334, 631–643.
Ball, K., & Sekuler, R. (1986). Improving visual perception in older
observers. Journal of Gerontology, 41, 176–182.
Birren, J. E., Woods, A. M., & Williams, M. V. (1979). Speed of
behaviour as an indicator of age changes and the integrity of
the nervous system. In F. Hoﬀmeister, & C. Muller (Eds.), Brain
function in old age (pp. 10–44). Berlin: Springer-Verlag.
Celesia, G. G., & Daly, R. F. (1987). Eﬀects of aging on visual evoked
responses. Archives of Neurology, 34, 403–407.
Connor, J., Jr, Diamond, M. C., Connor, J. A., & Johnson, R. E.
(1981). A Golgi study of dendritic morphology in the occipital
cortex of socially reared aged rats. Experimental Neurology, 73,
525–533.
Contestabile, M. T., Suppressa, F., Tonelli, G., Giorgi, D., Antonni-
cola, G., & D’Alaba, E. (1995). The inﬂuence of age on the ﬂash
visual evoked potentials. Acta Ophthalmologica Scandinavica, 73,
308–312.
Double, K. L., Halliday, G. M., Kril, J. J., Harasty, J. A., Cullen, K.,
Brooks, W. S., Creasey, H., & Broe, G. A. (1996). Topography of
brain atrophy during normal aging and Alzheimer’s disease. Neuro-
biology of Aging, 17, 513–521.
Girman, S. V., Sauve, Y., & Lund, R. D. (1999). Receptive ﬁeld
properties of single neurons in rat primary visual cortex. Journal of
Neurophysiology, 82, 301–311.
Hubel, D. H., & Wiesel, T. N. (1962). Receptive ﬁelds, binocular
interaction and functional architecture in the cat’s visual cortex.
Journal of Physiology, 160, 106–154.
Hubel, D. H., & Wiesel, T. N. (1968). Receptive ﬁelds and functional
architecture of monkey striate cortex. Journal of Physiology, 195,
215–243.
Jucker, M., & Ingram, D. K. (1997). Murine models of brain aging
and age-related neurodegenerative diseases. Behavioural Brain
Research, 85, 1–25.
Kim, C. B. Y., Tom, B. W., & Spear, P. D. (1996). Eﬀects of aging on
the densities, numbers, and sizes of retinal ganglion cells in rhesus
monkeys. Neurobiology of Aging, 17, 431–438.
Kline, D. W. (1987). Ageing and the spatiotemporal discrimination
performance of the visual system. Eye, 1, 323–329.
Kline, D. W., Scialfa, C. T., Lyman, B. J., & Schieber, F. (1990). Age
diﬀerences in the temporal continuity of gratings as a function of
their spatial frequency. Experimental Aging Research, 16(2), 61–65.
702 J.R. Mendelson, E.F. Wells / Vision Research 42 (2002) 695–703
Kline, D. W., Kline, T. J. B., Fozard, J. L., Kosnik, W., Schieber, F.,
& Sekuler, R. (1992). Vision, aging and driving: the problems of
older drivers. Journal of Gerontology, 47, 27–34.
Kline, D. W., & Schieber, F. (1982). Visual persistence and temporal
resolution. In: R. Sekuler, D. Kline, & K. Dismukes (Eds.), Aging
and human visual function (pp. 231–244). New York: A.R. Liss.
Lachenmyer, B. J., Kojetinsky, S., Ostermaier, N., Nagstwurm, K.,
Vivell, P. M., & Schaumberger, M. (1994). The diﬀerent eﬀects of
aging on normal sensitivity in ﬂicker and light sense perimetry.
Investigative Ophthalmology and Visual Science, 35, 2741–2748.
Mendelson, J. R., Schreiner, C. E., & Sutter, M. L. (1997). Functional
topography of cat primary auditory cortex. Response latencies.
Journal of Comparative Physiology. A––Sensory Neural and Behav-
ioral Physiology, 181, 615–633.
Mendelson, J. R., & Ricketts, C. (2001). Age-related temporal
processing speed deterioration in auditory cortex. Hear Research,
158, 84–94.
Orban, G. A., Kennedy, H., & Maes, H. (1981). Response to
movement of neurons in areas 17 and 18 of the cat: velocity
sensitivity. Journal of Neurophysiology, 45, 1043–1058.
Pakkenberg, B., & Gundersen, H. J. G. (1997). Neocortical neuron
number in humans: eﬀects of sex and age. Journal of Comparative
Neurology, 384, 312–320.
Palombi, P. S., & Caspary, D. M. (1996). Physiology of the aged
Fischer-344 rat inferior colliculus: responses to contralateral mon-
aural stimuli. Journal of Neurophysiology, 76, 3114–3125.
Parnavelas, J. G., Burne, R. A., & Lin, C. (1981). Receptive ﬁeld
properties of neurons in the visual cortex of the rat. Neuroscience
Letters, 27, 291–296.
Parnavelas, J. G., Burne, R. A., & Lin, C. (1983). Distribution and
morphology of functionally identiﬁed neurons in the visual cortex
of the rat. Brain Research, 261, 21–29.
Paxinos, G., & Watson, C. (1986). The rat brain in stereotaxic
coordinates. San Diego: Academic Press.
Peters, A., Nigro, N. J., & McNally, K. J. (1997). A further evaluation
of the eﬀect of age on striate cortex of the rhesus monkey. Neuro-
biology of Aging, 18, 29–36.
Peters, A., Moss, M. B., & Sethares, C. (2000). Eﬀects of aging on
myelinated nerve ﬁbers in monkey primary visual cortex. Journal of
Comparative Neurology, 419, 364–376.
Rakic, P. (1991). Development of the primate visual system through-
out life. In: P. Bagnoli, & W. Hodos (Eds.), The changing visual
system (pp. 1–9). New York: Plenum Press.
Salthouse, T. A. (1985). A theory of cognitive aging. New York: North-
Holland.
Salthouse, T. A. (1990). Cognitive competence and expertise aging. In:
J. E. Birren, & K. W. Schaie (Eds.), Handbook of the psychology of
aging (pp. 310–319). San Diego: Academic Press.
Satorre, J., Cano, J., & Reinoso-Suarez, F. (1985). Stability of the
neuronal population of the dorsal lateral geniculate nucleus
(dLGN) of aged rats. Brain Research, 339.
Schmolesky, M. T., Wang, Y., Pu, M., & Leventhal, M. G. (2000).
Degradation of stimulus selectivity of visual cortical cells in
senescent rhesus monkeys. Nature Neuroscience, 3, 384–390.
Sekuler, R., & Sekuler, A. B. (1992). Visual perception and cognition.
In: J. G. Evans, & T. F. Williams (Eds.), Oxford textbook of
geriatric medicine (pp. 575–580). Oxford: Oxford University Press.
Selkoe, D. J. (1993). Aging brain, aging mind. In Mind and brain:
readings from scientiﬁc american magazine (pp. 102–142). New
York: W.H. Freeman & Co.
Spear, P. D. (1993). Neural basis of visual deﬁcits during aging. Vision
Research, 33, 2589–2609.
Spear, P. D., Moore, R. J., Kim, C. B. Y., Xue, J., & Tumosa, N.
(1994). Eﬀects of aging on the primate visual system: spatial and
temporal processing by lateral geniculate neurons in young adult
and old rhesus monkeys. Journal of Neurophysiology, 72, 402–420.
Stone, J. (1983). Parallel processing in the visual system. New York:
Plenum Press.
Wells, E., Bernstein, G. M., Scott, B. W., Bennett, P. J., & Mendelson,
J. R. (2001). The neural response to critical ﬂicker frequency in the
visual cortex of the Long Evans hooded rat. Experimental Brain
Research, 139, 106–110.
Wiesenfeld, Z., & Kornel, E. E. (1975). Receptive ﬁelds of single cells
in the visual cortex of the hooded rat. Brain Research, 94,
401–412.
Wingﬁeld, A., Poon, L., Lombardi, L., & Lowe, D. (1985). Speed of
processing in normal aging: eﬀects of speech rate, linguistic
structure and processing time. Journal of Gerontology, 40, 579–585.
Zilles, K. (1985). The cortex of the rat: a stereotaxic atlas. Berlin:
Springer-Verlag.
J.R. Mendelson, E.F. Wells / Vision Research 42 (2002) 695–703 703
